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The production of melanin is a complex process involving biochemical cascades, such as the pro-phenoloxidase
(proPO) system, and enzymes, such as phenoloxidases (POs). Diﬀerent studies have shown a strong correlation
between the decrease in PO activities and the occurrence of diseases in bivalve invertebrates, leading to mortalities in the host. Results of these studies suggest that POs could play a fundamental role in defense mechanisms in bivalves. This article reviews the fundamental knowledge on the proPO system in bivalves and the
methods used to assess PO activities. Finally, this is the ﬁrst report on the major ﬁndings of laboratory and ﬁeld
studies that indicate that a type of PO in bivalves, the laccase enzyme, is inducible and involved in the 1)
immune 2) antioxidant and 3) detoxiﬁcation roles in bivalves, and might be an ecological potential biomarker of
environmental stress.

1. Introduction

2011). Recently, studies investigated the immune responses of phenoloxidase (increased expression and spatio-temporal evolution of enzymes' activities post-infection) in the manila clam Venerupis philippinarum challenged with Vibrio tapetis in order to better understand the
combined eﬀect of temperature and two V. tapetis strains in the Manila
clam Venerupis philippinarum (Richard et al., 2015; Le Bris et al., 2015).
Noxious eﬀects in immune defense mechanisms, such as POs, due to
the presence of stressors in the environment, such as chemical contaminants, can induce the occurrence and/or increase of diseases.
Unfortunately, development of human activities leads to chronic pollution of the environment by a mixture of inorganic (metals) and organic (pesticides, hydrocarbons, phytosanitaries) contaminants. The
use of biomarkers allows observation of the impact of chemical contaminants on coastal species while the physiological dysfunctions
caused by the exposure to chemical contaminants. These dysfunctions
can be early diagnosed, by studying biomarker responses at the gene or
protein level (Amiard-Triquet et al., 2006). Early diagnosis means observing dysfunctions before any tissue damage or any damage on main
biological functions is detected. Biomarkers can be classiﬁed in three
types: biomarkers of exposure, biomarkers of eﬀect and biomarkers of
susceptibility (Manahan, 2003). Biomarkers of exposure indicate the
presence of a contaminant inside the organism, due to an interaction of
this contaminant with biological molecules. Biomarkers of eﬀect indicate the toxic or sublethal eﬀect of the contaminant on the organism.

Phenoloxidases (POs, EC 1.14.18.1) are the key enzymes of an
ubiquitous biochemical cascade responsible for the production of melanin. This biochemical cascade plays a role in immune defenses, wound
healing, encapsulation and melanisation, as well as in self/non-self
recognition mechanisms in invertebrates (Cerenius et al., 2008). In vitro
studies have shown a bactericidal eﬀect of PO activities in invertebrates, such as the tobacco hornworm Manduca sexta (Zhao et al.,
2007), the mealworm beetle Tenebrio molitor (Kan et al., 2008), the
freshwater crayﬁsh Pacifastacus leniusculus (Cerenius et al., 2010), the
Paciﬁc oyster Crassostrea gigas (Luna-Acosta et al., 2011a), the scallop
Chlamys farreri (Zhou et al., 2012), the Manila clam Venerupis philippinarum (Le Bris et al., 2013), the bivalve mollusc Scrobicularia plana
(Buﬀet et al., 2014) and the smooth venus clam Callista chione (Matozzo
and Bailo, 2015). These results suggest that POs have a protective role
on bacterial infection. Moreover, diﬀerent studies have shown a strong
correlation between the decrease in PO activities in the Sydney rock
oyster Saccostrea glomerata and the occurrence of Queensland disease
(QX disease), caused by the parasite Marteilia sydneyi and leading to
mortality in the host (for review, see Raftos et al., 2014). These results
suggest that POs have a protective role on parasite infection. It has also
been suggested that PO activities may be involved in antiviral defenses
in invertebrates (Terenius et al., 2007; Xing et al., 2008; Renault et al.,
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However, the deﬁnition of these classes varies depending on diﬀerent
authors. So, certain ecotoxicologists prefer the terminology proposed by
De Lafontaine et al. (2000) and that will be used in this manuscript,
contrasting biomarkers of defense and biomarkers of damage.
Biomarkers of defense correspond to mechanisms that allow the
organism to survive in a deteriorated environment, and consequently,
have a positive eﬀect on their health. The energy allocated to these
defense mechanisms or “cost of tolerance” to the presence of the contaminant in the organism will be retrieved from the energy allocated to
the basal metabolism, growth and/or reproduction (ﬁtness), which can
impair the organism in the long term (Holloway et al., 1990). Some
examples of biomarkers of defense are: phase II enzymes (glutathion-Stransferase, MXSM), metallothioneins, antioxidant defense enzymes
and molecules (superoxide dismutase, catalase, glutathion peroxidase,
glutathion), heat shock proteins, etc. (Amiard-Triquet et al., 2006).
Biomarkers of damage correspond to biological damages in the organism leading to an impairment in the ﬁtness of the organism. Some
examples of biomarkers of damage are: acetylcholinesterase, vitellogenin, lysosomal membrane stability, lipid peroxidation, DNA damages
and adducts, molecular markers (cortisol, retinol), inmunological
markers (% of phagocytosis), histological markers (histopathological
index), etc. (Amiard-Triquet et al., 2006).
Among proteins that can be modulated by the presence of contaminants in the environment, diﬀerent authors have shown that PO
activities in bivalve molluscs can be modulated by inorganic (Gagnaire
et al., 2004; Chakraborty et al., 2010; Cong et al., 2013; Haberkorn
et al., 2014; Buﬀet et al., 2013; Buﬀet et al., 2014) and organic contaminants (Bado-Nilles et al., 2009a, 2009b; Bado-Nilles et al., 2010;
Bianchi et al., 2014; Díaz-Resendiz et al., 2014; Luna-Acosta et al.,
2011b; Milinkovitch et al., 2015a; Breitwieser et al., 2016). In addition,
a gene coding for a laccase-type PO has been identiﬁed in C. gigas
(Renault et al., 2011) and modulation of the expression of this gene has
been observed, following exposure of C. gigas to hydrocarbons (BadoNilles et al., 2010) and to the pesticide diuron (Luna-Acosta et al.,
2012). This type of noxious eﬀects in immune defense mechanisms can
induce in the organism the occurrence and/or increase of diseases.
The present work aims to review and discuss published data on PO
activity assessment, gene expression and potential roles in bivalve
molluscs. To date, most of the work published on PO activity in marine
bivalves is focused on the roles of POs in immune defense mechanisms.
However, recent studies suggest an ecological relevance of these POs,
an especially of laccases, as a novel biomarker for marine environmental pollution studies. In this context, we will analyze data relative
to studies on POs, by exposing new hypotheses regarding their potential
roles in these invertebrate organisms.

Fig. 1. Potential roles of POs in bivalve invertebrates. Contaminants present in the environment can induce a stress and be recognized as a foreign biological or chemical agent,
or as other type of stressor. Therefore, bivalves will activate diﬀerent defense mechanisms
to ensure the maintenance of their homeostasis. In this context, POs could play an immune, antioxidant and/or detoxiﬁcation role.

monophenoloxidase) activity. And, on the other hand, only laccases
catalyze the oxidation of m- and p-diphenols and other compounds,
such as aromatic amines. This means that only laccases possess a laccase activity (Fig. 1). Therefore, «tyrosinases», «phenoloxidases» and
«catecholases» do not necessarily possess the same type of enzyme activities and therefore these terms should not be used as synonyms, to
avoid ambiguity. (See Figs. 2 and 3.)
PO size and form vary depending on the phylum and the organism:
in vertebrates, tyrosinases are dimeres while in invertebrates, POs are
monomeres or oligomeres (from dimeres to pentameres; Renwrantz
et al., 1996). The molecular weight of POs has been determined with
chromatographic exclusion techniques or with electrophoresis under
denaturating conditions. The molecular weight varies from 10 to
400 kDa and each monomer is generally 40 to 45 kDa. In bivalves, the
molecular weight of proteins possessing PO activity varies from 10 to
381 kDa (Table 1).
In one hand, tyrosinases are transmembrane proteins in humans and
mice; they containing a signal peptide and a transmembrane region, e.g.
Decker et al. (2007). On the other hand, the presence of a signal peptide
is unlikely in arthropods and insects (Cerenius et al., 2008). In fact, only
the active site is likely to be conserved in the genes of mammals, invertebrates, fungi and bacteria (Decker and Terwillinger, 2000). Generally, the active site possesses two copper-binding regions called CuA
and CuB. In these regions, each copper atom is coordinated by three
histidine residues (Decker and Terwillinger, 2000). The gene coding for
a laccase 1 identiﬁed in C. gigas showed 3 amino acid regions sharing a
high homology with conserved Cu-oxidase domains (Renault et al.,
2011) and the gene coding for a tyrosinase 1 identiﬁed in C. gigas
showed a typical copper-binding domains and a signal peptide (Huan
et al., 2013). A gene coding for a tyrosinase has also been reported in

2. Molecular and biochemical aspects
The ﬁrst studies on POs were carried out in fungi, more than a
century ago [for review, see (Mayer, 2006)]. However, isolation experiments of proteins started only 42 years later, revealing diﬀerent
functional and structural properties of POs (Mayer, 2006).
POs are copper-binding metalloproteins. As oxidoreductases, they
catalyze the oxidation of phenolic compounds in the presence of oxygen
(O2). One of the main diﬃculties concerning the enzymatic group of
POs are approximations found in the literature, since the terms “tyrosinases”, “phenoloxidases” and “catecholases” are often used as synonyms (Solomon et al., 1996; Claus and Decker, 2006) and tyrosinases
and POs possess the same EC number.
However, based on their activity, there are three distinct types of
enzymes in the group of POs (Walker and Ferrar, 1998): 1) tyrosinases
(EC 1.14.18.1), 2) catecholases (EC 1.10.3.1) and 3) laccases (EC
1.10.3.2). All three groups catalyze the oxidation of o-diphenols. This
means that the three groups possess catecholase (or diphenoloxidase)
activity. However, only tyrosinases catalyze the orhtohydroxylation of
monophenols. This means that only tyrosinases possess a cresolase (or
6
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Fig. 2. Crystal structure of a phenoloxidase. According to
Matoba et al. (2006). Tyrosinase Streptomyces sp. has been
crystallized, combined with a protein called “caddie” that
seems to be involved in copper transport to the bottom of
the active site of the enzyme. Only the tyrosinase molecule
is shown. In green in the ﬁgure: copper atoms; in red: the
molecular surface; in blue: the amino acid histidine. The
active site of the protein is localized to a pilus, formed on
the surface of the molecule (C and D). Each copper atom at
the active site is complexed by three histidine residues (E).
(For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

3. Tissue localization

the Pearl oyster Pinctada fucata by Zhang et al., 2006 (GenBank accession no. DQ112679), while several genes encoding laccases have
been reported in the same species through the complete sequencing of
Paciﬁc oyster genome (Martin-Gomez et al., 2012). A partial gene encoding a laccase 1 has also been described in the European ﬂat oyster,
Ostrea edulis (Martin-Gomez et al., 2012). These data reveal that only
for a limited number of bivalve species, gene sequences coding for POs
are available in GenBank. Furthermore, a recent review explores the use
of –omic tools of disease processes in marine bivalves to better understand the environment-host-pathogen interactions in commercial and
ecological bivalves (Gómez-Chiarri et al., 2015).

In vertebrates, POs are only active in specialized organelles: the
pigmentary epithelium of the retina and melanocytes (Riley, 1997). In
invertebrates such as bivalves, PO activities have been detected in the
eggs (Bai et al., 1997), in early stages of the Paciﬁc oyster (“embryos”
and larvae) (Thomas-Guyon et al., 2009), haemocytes and plasma
(Gagnaire et al., 2004; Cong et al., 2005; Jordan and Deaton, 2005;
Nagai et al., 2007; Luna-Gonzalez et al., 2003; Hellio et al., 2007; LunaAcosta et al., 2010a; Luna-Acosta et al., 2011c; Matozzo and Bailo,
2015), gills (Malanga and Young, 1978; Jing et al., 2006; Luna-Acosta
et al., 2011c), digestive gland (Jing et al., 2006; Luna-Acosta et al.,

Fig. 3. Classiﬁcation of phenoloxidase enzymes. Illustration based on description of phenoloxidases by Walker and Ferrar (1998). Phenoloxidases, a group of coppers metalloproteins,
including tyrosinases, catecholases and laccases, have an aﬃnity for o-diphenols. Tyrosinases have an aﬃnity for monophenols and laccases have an aﬃnity for other substrates such as
m- and p-diphenols or aromatic amines.
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Table 1
Phenoloxidases from bivalves: characteristics reported in the literature.
Vernacular name

Scientiﬁc name

Molecular weight (kDa)

Localization

Reference

Ribbed mussel
Blue mussel

Modiolus demissus
Mytilus edulis

Manila clam
Eastern oyster
Japanese pearl oyster
Paciﬁc oyster

Ruditapes philippinarum
Crassostrea virginica
Pinctada fucata
Crassostrea gigas

70
381, 316
49, 135, 260
76.9
133
43, 49
~ 10, ~ 200
~ 40
~ 10

Periostracum
HLSa
Foot gland
Haemolymph
HMSb
Prismatic shell layer
Gills, DGc, Mantle
Muscle
Plasma, HLSa

Waite and Wilbur (1976)
Renwrantz et al. (1996)
Maruyama et al. (1991)
Cong et al. (2005)
Jordan and Deaton (2005)
Nagai et al. (2007)
Luna-Acosta et al. (2011a, 2011b, 2011c)

a
b
c

HLS: haemocyte lysate supernatant.
HMS: haemocyte membrane supernatant.
DG: digestive gland.

Gagnaire et al., 2004; Bouilly et al., 2006; Thiagarajan et al., 2006; Jing
et al., 2006; Hellio et al., 2007; Thomas-Guyon et al., 2009; Cong et al.,
2013).
However, contrary to vertebrates that possess only tyrosinases, the
three types of POs have been detected in several invertebrates, e.g.
tyrosinase in the vinegar ﬂy Drosophila melanogaster (Asada et al.,
1993), catecholase in the crab Charybdis japonica (Liu et al., 2006),
catecholase and laccase in the crayﬁsh Procambarus clarkii (Cardenas
and Dankert, 2000), cresolase and laccase activities in the Manila clam
Venerupis philippinarum (Schosinsky et al., 1974), cresolase activity in
the clam R. philippinarum (Cong et al., 2005), catecholase activity in the
oyster C. virginica (Jordan and Deaton, 2005), and catecholase and
laccase activities in the Paciﬁc oyster C. gigas (Luna-Acosta et al.,
2010b; Luna-Acosta et al., 2011c). Because of their low speciﬁcity,
common substrates of the three types of POs (tyrosinases, catecholases
and laccases) are not appropriate to distinguish the three types of PO
activity (cresolase, catecholase and laccase). The three types of PO
activity can be identiﬁed by using more speciﬁc substrates, such as
monophenols, to detect cresolase activities. To detect laccase activities,
p-diphenols, m-diphenols or non-phenolic substrates can be used.
Many diﬃculties arise when PO activities are identiﬁed in crude or
in partially puriﬁed tissue homogenates because PO substrates can be
used by other proteins, such as ceruloplasmins (or ferroxidases), haemocyanins, cytochrome oxidases and/or peroxidases. However, among
these proteins, ceruloplasmins or ferroxidases (EC 1.16.3.1) have only
been detected, to our knowledge, in invertebrates (Le Bris et al., 2013).
In addition, in most lamellibranch mollusc, such as oysters, haemocyanines are not present (Kennedy et al., 1996). Moreover, the presence
of cytochrome oxidases (EC 1.9.3.1) can be excluded by working with
soluble preparations, because cytochrome oxidases are transmembrane
proteins that remain associated with membrane fragments (Smith and
Stotz, 1954). Finally, contrary to oxidation reactions catalyzed by POs,
which require the presence of O2, reactions catalyzed by peroxidases
(EC 1.11.1.7) require the presence of hydrogen peroxide (H2O2).
Therefore, the oxygen consumption during the enzyme reaction can be

2011c), mantle (Jaenicke and Decker, 2003; Liang et al., 2007; LunaAcosta et al., 2011c) and shell (Nagai et al., 2007; Huan et al., 2013).
Most studies in bivalves have been done in haemolymphatic compartments (e.g. Asokan et al., 1997; Pipe et al., 1999; Luna-Gonzalez
et al., 2003; Gagnaire et al., 2004; Bouilly et al., 2006; Thiagarajan
et al., 2006; Luna-Acosta et al., 2010b; Chakraborty et al., 2013).
However, in bivalves, POs appear to play diﬀerent roles depending on
the tissue (Table 2).
4. Activation mechanism
In invertebrates, the infection by a pathogen agent can lead to an
immune response. This response includes the activation of proteins
constitutively present in the haemolymph such as PO, which exists as an
inactive zymogene called prophenoloxidase (proPO; Cerenius et al.,
2008). In bivalves, although no studies have sought to elucidate the
activation mechanisms of the proPO system in vivo, to our knowledge,
some studies have been carried out on the modulation of the PO activity
or the expression of the gene coding for a PO in relation to exposure to
pathogens: using activating agents, such as: 1) pathogen agents (Perkinsus marinus, P. atlanticus, Alexandrium minutum, Ostreid herpesvirus 1);
2) exogenous proteases, such as trypsin and chymotrypsin; 3) pathogenassociated molecular patterns (PAMPs, such as lipopolysaccharides
-LPS- or zymosan); 4) detergents, such as Triton X-100 and sodium
dodecyl sulphate (SDS); 5) or other environmental stressors, such as
exposure to air, high-pressure water jets, hypo-saline conditions or
mechanical agitation (e.g. Jordan and Deaton, 2005; Muñoz et al.,
2006; Aladaileh et al., 2007; Haberkorn et al., 2010; Kuchel et al., 2010;
Renault et al., 2011; Raftos et al., 2014).
5. Phenoloxidase substrates and inhibitors
Most studies on POs in bivalves have been carried out using
common substrates of diﬀerent POs, i.e. o-diphenols such as L-DOPA or
dopamine (e.g. Asokan et al., 1997; Luna-Gonzalez et al., 2003;
Table 2
Localisation and roles of PO in diﬀerent tissues in bivalves.
Tissue

Role

References

Haemocytes and
plasma
Gill

Immune eﬀectors cells and plasmatic mediators.

Thomas-Guyon et al. (2009), Luna-Acosta et al. (2011a),
Raftos et al. (2014), Matozzo and Bailo (2015)
Malanga and Young (1978)

Digestive gland
Mantle and shell
Foot

Dopamine is a potential inhibitor of cilio-excitatory ﬁbers in gills. In gills, dopamine is
transformed by reactions catalyzed by POs, leading to the formation of melanin.
Phenoloxidases are present in a zone of the digestive gland called the cristallin style in the
lamellibranchs. Its role is unknown.
Production and repair of the shell.
Bivalves that have a foot can attach themselves to substrates thanks to tanned proteins
secreted by a series of glands associated to the foot. POs present in these glands are
implicated in the production of tanned proteins.

8

Bailey and Worboys (1960)
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Table 3
Mode of action of phenoloxidase inhibitors in several species.
Type of inhibition

Category of compounds and mode of action

Examples

References

Inhibitors acting on the enzyme

Reducing agents:

Sulphite (SO32 −), butilated hydroxianisole (BHA), tertiarybutyl
hydroxiquinone (TBHQ), propyl gallate (PG), 2-mercaptoethanol
(2-ME), sodium azide (NaN3), carbon monoxide (CO),
ethylenediamine tetra-acetic acid (EDTA), metallothioneines
(MT), diethyldithiocarbamate (DETC), phosphatases (ATP and
pyrophosphates), macromolecules (porphyrines, proteins),
tropolone, mimosine, sulphate, pectine, hydrogen peroxide
(H2O2), dithiothreitol (DTT), phenylhydrazine, ferrocyanure,
glutathione, hydroxylamine (NH2OH), acids (ascorbic, citric,
malic, gallic, oxalic, succinic, kojic).

Dawley and
Flurkey (1993)

Sodium bromide (NaBr), L-lysine, L-glycine, L-histidine and Lphenylalanine.
4-hexylresorcinol (4-HR), kojic acid and tropolone are metal
chelators but also competitive inhibitors of POs.

Dawley and
Flurkey (1993)

Cuminaldehyde, anisaldehyde, 2-hydroxi-4methoxibenzaldehyde (HMB), (2E)-alkenals

Jimenez et al.
(2001)

Active carbon and bentonite, α, β, or γ-cyclodextrine,
carraghenanes, xylane or amylose sulphates, algae extracts

Simpson et al.
(1997), Hellio
et al. (2000)

Acids, cysteine, arbutine, hinokitiol, barbarine, ﬂavonol
derivates, resveratrol, o-methyl-transferases, oxigenases, quinone
isomerases and quinone methide reductase, papaine

Zhao et al. (2005)

can bind to sulfhydryl groups of the
• Sulphites
active site of the enzyme but can also interact
with quinones forming sulfoquinones.

inhibit oxidative processes by
• Antioxidants
reacting with free radicals, via a metallic
chelation and a ﬁxation of oxygen.
Chelators:
chelators have two electrons that interact
• Metal
with copper or iron ions.
with a similar structure to phenols
• Compounds
are more eﬃcient than metal chelators. In both
cases, this inhibition takes place in an acid
reaction medium.
Polysaccharides can also interact with copper
ions.
Acidifying agents: they can inhibit the enzyme (at
pH 3–4) and even increase the eﬃciency of
inhibitors such as sodium chloride (NaCl) or calcium
chloride (CaCl2) that inhibit POs but only in the
presence of ascorbic acid.
Some acids have structural similarities with POs but
are “diﬃcultly oxydable”.
Halide salts: inhibition occurs generally in acidic
reaction media.
Amino acids, peptides and proteins: direct inhibition
of the enzyme, through chelation of copper ions or
reaction with quinones. Histidines and cysteines
have a strong aﬃnity for Cu2 +, via their imidazole
or thiol group. Thiol groups form sulphide adducts
with o-quinones that inhibit the formation of
polymers.
Aldehydes: they attack aldehyd groups present in
the lateral chain of POs, leading to the formation of
stable Schiﬀ bases.
These inhibitors have limited eﬃciency. They form
complexes with phenols. β-(1,4)-D-glucosamine
polymers are by-products of the chitin deacetylation
in shells: these polymers inhibit reaction where POs
are involved, forming a barrier that prevents
interactions with oxygen. They link to phenolic
compounds but also to copper atoms of the PO
active site. Sulphate groups can bind to phenols or
be copper ion chelators.
They reduce quinones and generate parental phenols
(antioxidant and antiradical action) in the presence
of citric acid, sodium metabisulﬁte, EDTA and
chloride ions, but their eﬀect is temporary since they
oxidize quinines. Cysteine contains a sulphurated
amino acid that traps o-quinones as stable and
uncolored products.
a Tyrosinase inhibitor,
b Catecholase inhibitor,
c Laccase inhibitor

•

Inhibitors acting on the active site
of the enzyme or that ﬁx on
the substrates (competitive
inhibitors)

Inhibitors acting in other sites
(non-competitive inhibitors)
Inhibitors acting on PO substrates
(phenol absorbing agents)

Inhibitors acting on oxidation
products (quinones)

Inhibitors acting on the enzymes
(tyrosinase, catecholase,
laccase)

Copper chelation
DETC (diethyldithiocarbamate)
• (competitive
inhibition).
Copper chelation (competitive
(1-phenyl 2-thiourea)
• PTU
inhibition): sulphur binds to copper at the active site of the
a,b,c

Luna-Acosta et al.
(2010a, 2010b)

a,b,c

enzyme, blocking accessibility of the substrate.

Tropolone
Substrate of peroxidases and inhibitor of POs
• (copper
chelation).
Reducing agent: sulphur2-ME (2-mercaptoethanol)
• containing
compounds are quinone chelators, blocking their
a,b,c

a,b,c

participation in secondary reactions of melanization and/or
acting directly with the enzyme.
NaN3 (sodium azide)a,b,c Metal chelator: inhibitor of all types
of POs.
4-HR (4-hexylresorcinol)a,b Fixation on the active site:
competitive inhibitor of tyrosinases and catecholases but not
of laccases.
SHAM (salicylhydroxamic acid)a,b Metal chelator described
as an inhibitor of alternative oxidases in plants: competitive
inhibitor of tyrosinases and catecholases but not of laccases.
Kojic acida,b,c competitive or mixed-type inhibitor of POs
CTAB (cetyltrimethylammonium bromide)c Cationic detergent:

•
•

•

(continued on next page)
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Table 3 (continued)
Type of inhibition

Category of compounds and mode of action

Examples

References

competitive or non-competitive inhibitor of laccases, but not of
other POs

measured by oxymetry. This approach makes it possible to conﬁrm
whether oxygen is consumed when measuring PO activity (Luna-Acosta
et al., 2010b). In addition, spectrophotometric studies using catalase,
which catalyzes the transformation of H2O2 into O2 and H2O, enables
conﬁrmation of whether the activity measured is of peroxidasic origin
(Luna-Acosta et al., 2010b).
POs can also be diﬀerentiated by the speciﬁcity of some inhibitors
for these enzymes. The diﬀerence of action of some inhibitors on tyrosinases, catecholases and laccases would probably be due to diﬀerences in mechanical reactions and levels of oxidation of copper at the
active sites of these three types of enzymes.
However, particular attention must be paid when choosing inhibitors. Indeed, several compounds described in the literature as speciﬁc PO inhibitors can have a non-speciﬁc inhibitory eﬀect, i.e. not
acting directly on the enzyme (Table 3). For example, molecules such as
2-mercaptoethanol (2-ME) are described as speciﬁc PO inhibitors (see
Luna-Acosta et al., 2010b for references). However, because of their
reducing agent characteristics, 2-ME can inhibit autooxidation and
enzyme oxidation reactions by interacting with the substrate and/or the
quinones produced following these two types of reaction, and therefore
cannot exert a direct inhibitory eﬀect on the enzyme (Table 3). Consequently, reducing agents should not be considered as speciﬁc PO inhibitors. Recently, among several inhibitors that were tested (DETC,
PTU, tropolone, 2-ME, NaN3, 4-HR, SHAM, CTAB) only PTU, tropolone,
4-HR, SHAM and CTAB were demonstrated to be speciﬁc PO inhibitors
(Luna-Acosta et al., 2010b).

Acosta et al., 2010b; Buﬀet et al., 2013; Cong et al., 2013; Buﬀet et al.,
2014; Haberkorn et al., 2014; Mouneyrac et al., 2014; Milinkovitch
et al., 2015a, 2015b; Breitwieser et al., 2016). Two types of spectrophotometrical analyses can be performed: endpoint analysis or kinetic
analysis. However, concerning the endpoint analysis, the quantity of
the product formed at time t (discontinuous assay) does not always
reﬂect the real concentration of the enzyme. It may be the case that at a
high enzyme concentration, the reaction occurs in its totality or attains
the equilibrium during the time used for the assay. In that case, adding
supplementary enzyme would not increase the formation of product,
leading consequently, to a potential under-estimation of the enzyme
activity (Pelmont, 1995). Conversely, when kinetic analysis is performed through a continuous assay, at initial velocity of the reaction,
the number of molecules of the product formed (or the disappeared
substrate) as a function of time, will be proportional to the enzyme
concentration, giving more accurate information. In addition, the oxidation catalyzed by POs needs the presence of O2 and PO substrates are
rapidly autooxidized, i.e. oxidized in the absence of the enzyme, in
contact with air. This autooxidation leads, in the same way as in the
presence of POs, to the formation of quinones. Therefore, it is important
to perform a controlled kinetic analysis in the absence of enzymes and
in the presence of the only substrate of the reaction. Autooxidation
values obtained may be taken into consideration to calculate the ﬁnal
enzyme activity of the sample.

6. Methods of evaluation of PO activity

POs appear to play diﬀerent roles depending on the tissue, such as
immune eﬀectors in haemocytes, mediators in plasma, or as molecules
implicated in the formation of tanned proteins in gills, foot and mantle
or in the production and repair of the shell, from what is known so far
(Table 2). Additionally, POs have also attracted attention during the
last decade for their potential to be used as biomarkers in bivalves
exposed to contaminants. Indeed, diﬀerent authors have shown that PO
activities in bivalves can be modulated by inorganic (Table 5) (Gagnaire
et al., 2004; Jing et al., 2006; Chakraborty et al., 2010; Buﬀet et al.,
2013; Chakraborty et al., 2013; Cong et al., 2013; Buﬀet et al., 2014;
Haberkorn et al., 2014; Mouneyrac et al., 2014; Milinkovitch et al.,
2015a, 2015b; Breitwieser et al., 2016) and organic contaminants
(Table 6) (Gagnaire et al., 2004; Bado-Nilles et al., 2009a, 2009b; BadoNilles et al., 2010; Luna-Acosta et al., 2011b; Luna-Acosta et al., 2012;
Bianchi et al., 2014; Díaz-Resendiz et al., 2014; Milinkovitch et al.,
2015b; Breitwieser et al., 2016) (Table 3).
Moreover, in situ transplantation studies were carried out with
multiple biomarkers, including laccase in C. gigas (Luna-Acosta et al.,
2015a, 2015b) and the biological eﬀects of chemical pollution in a
harbour were studied to develop a multi-biomarker approach on marine
species and to consider the environmental variability (climatic and
anthropic) (Laitano and Fernández-Gimenez, 2016; Breitwieser et al.,
2017). On the basis of the principal results obtained in these studies, we
hypothesize that, when a contaminant enters an organism, POs are
likely to play diﬀerent roles in bivalves (Fig. 1).
Firstly, the participation of POs in defenses and in non-self recognition of foreign biological agents in invertebrates (Cerenius et al.,
2008), and the suspected involvement in resistance to infections by
pathogens in bivalves (e.g. (Jordan and Deaton, 2005; Muñoz et al.,
2006; Aladaileh et al., 2007; Haberkorn et al., 2010; Kuchel et al., 2010;
Renault et al., 2011; Raftos et al., 2014; Le Bris et al., 2015; Richard
et al., 2015), suggest that POs play a crucial immune role when foreign

7. Potential roles of PO in bivalve invertebrates

One of the main constraints when working with POs is that almost
every study is carried out with a diﬀerent technique, which renders
comparison between diﬀerent studies diﬃcult.
One of the ﬁrst techniques developed to study POs in bivalves was
cell staining (Hellio et al., 2000). Although this technique allows cell
location, it does not provide precise information on the activity of the
enzyme. Additionally, even if the histochemical approach to study POs
and to evaluate the amount of melanin granules in the cells is an important data, the presence of lipofuscin lysosomal accumulation may
interfere in the assay, especially in the digestive gland of molluscs, in
which the lysosomal lipofuscin accumulation is usually considered as a
biomarker of oxidative stress (Pearse, 1985). More recently, the realtime PCR technique (RT PCR) has been used to study the eﬀect of
contaminants on gene expression, e.g. Bado-Nilles et al. (2010), LunaAcosta et al. (2012). The homology of diﬀerent probes used to quantify
the mRNA in the diﬀerent organisms is useful for this type of technique
(Pfaﬀ, 2001; Timothy et al., 2016). However, in addition to the fact that
molecular approaches are more expensive than cellular ones, studies on
the scale of the gene only furnish information on regulations that may
occur at the transcriptional level, omitting regulations that can occur at
post-transcriptional and/or post-traductional levels.
In comparison with other techniques, measuring activities by
spectrophotometry is relatively easy to carry out. It is also cheap and
enables quantitative information to be obtained on the activity of the
enzymes. Therefore, most studies on the eﬀect of contaminants on PO
activities in bivalves have been carried out via spectrophotometrical
measurement of the appearance of a product or the disappearance of
the substrate in the reaction catalyzed by the enzyme (e.g. Hellio et al.,
2000; Gagnaire et al., 2004; Jing et al., 2006; Thiagarajan et al., 2006;
Bado-Nilles et al., 2009a, 2009b; Luna-Acosta et al., 2010a; Luna10
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Table 4
Bivalve studies on the modulation of PO activity in relation to experiments of exposure to pathogen agents or toxins.
Organism

Parameter

Experiment

Approach

Time

Tissue compartment

Results

Reference

Australian cupped oyster
Saccostrea glomerata

Infection by the protozoan
parasite Marteilia syneyi

In vivo

NI

Haemolymph

Signiﬁcant negative correlation between PO activity
and the infection: ↓ of PO activity PO with ↑ of infection

Peters and Raftos
(2003)

American oyster Crassostrea
virginica and ribbed mussel
Geukensia demissa

Infection by the protozoan
parasite Perkinsus marinus

Comparison between oysters from a zone
aﬀected by the QX disease and an unaﬀected
zone
Samples of haemolymph incubated with cells
of Perkinsus marinus

In vitro

6h

Hc membrane

Jordan and Deaton
(2005)

Common clam Venerupis
decussata

Infection by the protozoan
parasite Perkinsus
atlanticus
Exposure to the
dinoﬂagellate Alexandrium
minutum

Comparison between clams from diﬀerent
sites with diﬀerent levels of infestation

In vivo

NI

Hc
Hc

At 2 h: ↑ of PO activity in both species
At 6 h: new ↑ of PO activity in both species
The transitory inhibition of PO activity in the host
could play a role in the infection by Perkinsus marinus
↑ ×5 of PO activity following a mild infestation
↑ ×5 of PO activity following a low infestation

Exposure to Alexandrium minutum (Isochrysis
sp. or clone Tahitian T Iso has been used as a
non-toxic control)

In vivo

4 days

Hc

Haberkorn et al.
(2010)

Infection by Ostrea herpes
virus (OsHV-1)
Incubation with Vibrio
splendidus and Vibrio
aestuarianus
Infection by Vibrio tapetis

Suppressive substractive hybrization (SSH)
following an infection of oysters by OsHV-1
Vibrio sp. incubation with C. gigas plasma to
detect eﬀects of catecholase-type PO activity
and laccase-type PO activity
Extrapallial injection with V. tapetis on
phenoloxidase activity

In vivo

NI

Hc

↓ 75 and 50% of PO activity in diploid and triploid
oysters exposed to A. minutum in comparison to control,
at an early stage of gonadal maturation (April),
respectively.
↓ 30% and ↑ × 1.5-fold of PO activity in diploid and
triploid oysters exposed to A. minutum in comparison to
control, at an advanced stage of gonadal maturation
(April), respectively.
Over expression of a gene coding for a laccase

In vivo

7h

Digestive gland, gills,
mantle, haemolymph

In vivo

30 days

Mantle

Luna-Acosta et al.
(2011a, 2011b,
2011c)
Richard et al. (2015)

Infection by Vibrio tapetis

Bacterial infection in the V. philippinarum
resulted in modulation of PO and SOD
activities that was both tissue- and timedependent.

In vivo

30 days

Haemolymph

Results suggest for the ﬁrst time that antibacterial
activities from C. gigas potentially involve POs, and
more particularly laccase catalyzed reactions.
Clam's immunity could be enhanced at 22 °C while V.
tapetis virulence is lowered at this temperature.
Another result was the increase of PO and SOD basal
activities as clams were exposed to warmer
temperature.
Injections also impacted PO and SOD activities in both
tissues and conﬁrmed a diﬀerence in pathogenicity
between the two V. tapetis strains.

Paciﬁc oyster Crassostrea gigas

11
Paciﬁc oyster Crassostrea gigas
Paciﬁc oyster Crassostrea gigas

Manila clam Venerupis
philippunarium

Manila clam Venerupis
philippunarium

Renault et al. (2011)

Le Bris et al. (2015)
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NI: not indicated; ↓: decrease; ↑: increase, Hc: haemocytes.

Muñoz et al. (2006)
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Table 5
Eﬀect of metals on constitutive PO activity in bivalves.
Organism

Contaminant

Concentration

Approach

Time (days)

Method

Tissue

Results on PO
activity

References

Blue mussel Mytilus
edulis

Cu

0.02/0.05 mg.L− 1

In vivo

7

HL (Hc)

ns

Pipe et al. (1999)

Paciﬁc oyster
Crassostrea gigas

Hg

2.10− 6/2.10− 5 M

In vitro

1

HL (P)

↓ 95%/↓ 95%

In vivo

66

Blades
incubated
with L-DOPA
L-DOPA,
490 nm, 21 h
(CAC buﬀer)

Gagnaire et al.
(2004)
Bouilly et al. (2006)

L-DOPA,
5 min

HL (P)

L-DOPA
(method of
Pang et al.,
2005)

B

Asian green mussel
Perna viridis

Pearl oyster Pinctada
fucata

−1

Cd

500 ng.L

Cu

20 μg.L− 1

In vivo

25

Hg

10 μg.L− 1

In vivo

25

Cu

0.05 μM

In vivo

3

GD
Cu

0.5 μM

In vivo

3

Pb

0.5 μM

In vivo

3

Freshwater mussel
Lamellidens
marginalis

As

5 mg.L− 1

In vivo

30

Clam Scrobicularia
plana

Ag and CuO
nanoparticles

10 μg.L− 1

In vivo
(Experimental
Mesocosms)

21

Scallop
Mimachlamys
varia

14 trace elements
(μg/G of dry
weight)

In situ Atlantic
coast, France

Scallop
Mimachlamys
varia

14 trace elements
(μg/G of dry
weight)

Scallop
Mimachlamys
varia

14 trace elements
(μg/G of dry
weight)

Oyster Crassostrea
gigas

14 trace elements
(μg/G of dry
weight)

Blue mussel Mytilus
edulis

14 trace elements
(μg/G of dry
weight)

Cd: 36 ± 4
Pb: 1.5 ± 0.1
Cu: 55 ± 11
Ag: 9 ± 1
Zn: 91 ± 9
Cd: 50 ± 5
Pb: 7 ± 1
Cu: 100 ± 22
Ag: 10 ± 2
Zn: 150 ± 32
As: 19.33 ± 0.95
Cd: 39.85 ± 6.23
Cu: 41 ± 7
Fe: 694 ± 72
Mn: 15.76 ± 1.36
Ni: 2.99 ± 0.41
Pb: 2.20 ± 0.14
Se: 10.58 ± 0.38
Zn: 114 ± 23
Ag:10.52 ± 1.03
As: 34.22 ± 1.5
Cd: 2.18 ± 0.19
Cu: 100 ± 12
Fe: 439.45 ± 66
Mn: 20.68 ± 2.3
Se: 6.31 ± 0.38
Zn: 1485 ± 260
Ag: 6.52 ± 0.57
As: 34.25 ± 1.38
Cd: 0.84 ± 0.06
Cu:12.95 ± 0.5
Fe: 2089 ± 205 Mn:
51 ± 4
Pb: 4.44 ± 0.36
Se: 6.97 ± 0.27
Zn: 79 ± 4
Ag: 0.13 ± 0.02

B
GD
M

↑ × 8 The activity in
the control organism
diminished over
time
Day 5: ↓ 50%
Day 15: ↑ ×8
Day 25: ↑ ×6
Day 5: ↓ 30%
Day 15: ↑ ×18
Day 25: ↑ ×10
At 12 h: ns
At 24 h: ↓ 40%
At 48 h: ↑ × 1,5
At 72 h: ns
At 24 h: ↑ × 5
At 72 h: ↓ 50%
At 72 h: ↓ 40 to 60%
At 72 h: ↑ 10%
At 24 h: ↓ 60%
At 48 h: ns
At 72 h: ↓ 60%
At 48 and 72 h: ↑
×2
At 96 h: ↑ × 4
At 30 days: ↓ 50%
For 2 experimental
conditions: ↑

Thiagarajan et al.
(2006)

Jing et al. (2006)

Jing et al. (2006)

Chakraborty et al.
(2010)

L-DOPA,
490 nm,
1 min. (CAC
buﬀer)
PPD, 420 nm,
2 h (Tris
buﬀer)

B

March

PPD, 420 nm,
2 h (Tris
buﬀer)

Digestive
gland

For 2 impacted sites:
↑ ×1.5

In situ Atlantic
coast, France

Summer
and winter
seasons

PPD, 420 nm,
2 h (Tris
buﬀer)

Digestive
gland

Breitwieser et al.
(2016)

In situ semi-closed
area: harbour

Winter
season
January

PPD, 420 nm,
2 h (Tris
buﬀer)

Digestive
gland

Winter season (for 1
impacted site): ↑ × 2
Summer season (for
impacted sites): no
modulation
For all impacted
sites: ↑ 30%

In situ Semi-closed
area: harbour

Winter
season
January

PPD, 420 nm,
2 h (Tris
buﬀer)

Digestive
gland

For 1 impacted sites:
↓ 50%

Breitwieser et al.
(2017)

In situ semi-closed
area: harbour

Winter
season
January

PPD, 420 nm,
2 h (Tris
buﬀer)

Digestive
gland

For all impacted
sites: ↑ 50%

Breitwieser et al.
(2017)

Soft tissues

Buﬀet et al. (2013);
Buﬀet et al. (2014);
Mouneyrac et al.
(2014)
Milinkovitch et al.
(2015a, 2015b)

Breitwieser et al.
(2017)

↓, ↑, ns: decrease, increase or no signiﬁcant diﬀerence in comparison to control, respectively; Cu: copper; HgCl: mercury chloride; Cd: cadmium; Hg: mercury; Pb: lead; HL: haemolymph;
Hc: haemocytes; P: plasma; B: gills; GD: digestive gland; M: mantle.
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Organism

Contaminant

Concentration

Approach

Time
(days)

Method

Tissue

Results on PO activity

References

Biocides
Blue mussel Mytilus
edulis

TBT

10 mg.L− 1

In vitro

NI

Foot

↓ 76 to 100%

Hellio et al. (2000)

CuSO4

10 mg.L− 1

In vitro

NI

Puriﬁed PO, L-DOPA,
475 nm
Puriﬁed PO, L-DOPA,
475 nm

Foot

↓ 76 to 100%

Flt

200/400 μg.L− 1

In vivo

7

HL (Hc)

↑ × 2/↑ ×4

B(b)F

10− 7/10− 9 mg.L− 1

In vitro

1

Blades incubated with LDOPA
L-DOPA, 21 h, 490 nm

HL (P)

↑ 40%/↑ 34%

HFO

733 ± 111 ng.L− 1

In vivo

9

L-DOPA, 21 h, 490 nm

HL (P)

LCO

600 ± 315 ng.L− 1

In vivo

7

L-DOPA, 21 h, 490 nm

HL (P)

qPCR (mRNA relative
expression of a gene
coding for a laccase)
Dopamine, 4 h, 490 nm
PPD, 2 h, 420 nm

HL (Hc)

Day 9 (of exposure): ↓ 10%
Day 3 (of recovery): ↓ 20%
Day14 (of recovery):↓ 20%
Day 30 (of recovery): ns
Day 7 (of exposure): ↓ 15%
Day 7 (of recovery): ↓ 15%
Day 14 (of recovery): ↓
30%
Day 7 (de exposure): ↑ to 2

Hydrocarbons
Blue mussel Mytilus
edulis
Paciﬁc oyster
Crassostrea gigas

Paciﬁc oyster
Crassostrea gigas

13

LPAHs
HPAHs
PCBs
PBDEs
DDTs
Lindane HCB + HC + TNC

63.37 ± 14 μg.Kg− 1 dw
125 ± 11 μg.Kg− 1 dw
51 ± 10 μg.Kg− 1 dw
1.07 ± 0.35 μg.Kg− 1 dw
8.5 ± 1.1 μg.Kg− 1 dw
1.1 ± 0.3 μg.Kg− 1 dw
2.42 ± 0.67 μg.Kg− 1 dw

In situ transplantation
sites

90

Flesh

Pesticides
HAPs
PCBs

5 ± 0.2 μg Kg− 1 dw
32 ± 5 μg Kg− 1 dw
21.1 ± 3 μg Kg− 1 dw

In situ

NI

Dopamine, 4 h, 490 nm
PPD, 2 h, 420 nm

Digestive
glands

Paciﬁc oyster
Crassostrea gigas

BAL 110 (Brut Arabian Light crude
oil topped at 110 °C) + FINASOL®
(chemical dispersant)

67 mg.L− 1 BAL110 + 4 mg.L− 1 of
chemical dispersant

In vivo

2

Dopamine, 4 h, 490 nm
PPD, 2 h, 420 nm

HL (P)

Winter:
Gills: ↑ for laccase-type PO
Digestive gland: ↓ for
laccase-type PO
Mantle: ↑ for laccase-type
PO
Plasma: ↓ for laccase-type
PO
Winter season (for three
impacted sites): ↓ ×2
Summer season (for two
impacted sites): ↑×1.5
2 h (of exposure): ns
10 h (of exposure): ↑ × 2
24 h (of exposure): ↑ × 3
48 h (of exposure): ↑ × 2
4 weeks (of recovery): ns

Coles and Pipe
(1994)
Bado-Nilles et al.
(2009a, 2009b)
Bado-Nilles et al.
(2009a, 2009b)

Bado-Nilles et al.
(2010)

Luna-Acosta et al.
(2015a, 2015b)

Breitwieser et al.
(2016)

Luna-Acosta et al.
(2017)

↓, ↑, ns: decrease, increase or insigniﬁcant diﬀerence in comparison to control, respectively; Flt: ﬂuoranthene; B(b)F: benzo(b)ﬂuoranthene; HFO: heavy fuel oil; LCO: light cycle oil; TBT: tri-butyltin; CuSO4: copper sulphate; HL: haemolymph; Hc: haemocytes;
P: plasma. PAHs: polycyclic aromatic hydrocarbons; LPAHs: low molecular weight PAHs; HPAHs: high molecular weight PAHs; PCBs: polychlorobiphenyls; PBDEs: polybromodimethylethers; DDTs (DDT and metabolites: dichlorodiphenyltrichloroethanes
(2,4′-DDT and 4,4′-DDT) + dichlorodiphenyldichloroethylenes (2,4′-DDE and 4,4′-DDE) + dichlorodiphenyldichloroethanes (2,4′-DDD and 4,4′-DDD)); HCB: hexachlorobenzene; HC: heptachlor; TNC: trans-nonachlor.
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Scallop Mimachlamys
varia

PCB, PBDE and/or lindane
contamination:
Summer:
Gills: ↓ for laccase-type PO
Digestive gland: ↓ for
laccase-type PO
Mantle: ↓ for laccase-type
PO
Plasma: ↓ for laccase-type
PO
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Table 6
Eﬀect of biocides and hydrocrobons on constitutive PO activity in bivalves.
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populations, and suggests that monitoring of POs in the standardized
procedures of the Water Frame Work Directive would allow the improvement of world water quality to be more accurately assessed.

molecules enter the host (Table 4). Some other immune factors such as
POs have also been discovered in the eggs or “embryos” and larvae
stages of several molluscs (Bai et al., 1997; Thomas-Guyon et al., 2009).
The existence of soluble immune mediators in eggs such as POs suggests
compelling evidence that mollusc also practice transfer of innate immunity from parental material (mother) to oﬀspring (Wang et al.,
2015). In this case, POs could be considered as biomarkers of defense.
Secondly, when a contaminant enters an organism, it can be considerate as a certain type of stressor, enhancing a release of hormones
and/or neurotransmitters, and especially catecholamines, or be considered as a non-self molecule (foreign biological agent), which can be
recognized by pattern-recognition proteins (PRPs), or even be recognized as a xenobiotic (foreign chemical agent), leading to an activation of detoxiﬁcation systems. In this review, we consider “stressor”
as a challenging environmental condition, external stimulus, or event
that disrupts homeostasis and generates a response of the organism, but
that is not a chemical or a biological agent. In this case, foreign biological and chemical agents are separated from other types of stressors
because the former induce some speciﬁc responses in the organism. The
metabolization of contaminants by detoxiﬁcation systems could lead to
signiﬁcant production of free radicals, consequently enhancing the activation of antioxidant enzymes, to maintain a homeostatic equilibrium
in the organism. Therefore, POs, just like other antioxidant enzymes,
could be used as biomarkers of contaminant exposure. The antioxidant
properties of POs have been reported in the past in other living organisms (Lugasi, 1997) but no studies have been conducted to our
knowledge in marine bivalves.
Thirdly, because of its aﬃnity to diﬀerent types of phenolic and
non-phenolic substrates (Luna-Acosta et al., 2011b), POs could have an
aﬃnity for diﬀerent organic contaminants, and, because of its oxidoreductive properties, could also play a role in the metabolization of
contaminants (Luna-Acosta et al., 2011b). Thus, POs in bivalves could
be involved in detoxiﬁcation mechanisms of organic contaminants and
could be used as biomarkers of defense (Table 6).
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